Currently, the event-related potential (ERP)-based spelling device, often referred to as P300-Speller, is the most commonly used brain-computer interface (BCI) for enhancing communication of patients with impaired speech or motor function. Among numerous improvements, a most central feature has received little attention, namely optimizing the stimulus used for eliciting ERPs. Therefore we compared P300-Speller performance with the standard stimulus (flashing characters) against performance with stimuli known for eliciting particularly strong ERPs due to their psychological salience, i.e. flashing familiar faces transparently superimposed on characters. Our results not only indicate remarkably increased ERPs in response to familiar faces but also improved P300-Speller performance due to a significant reduction of stimulus sequences needed for correct character classification. These findings demonstrate a promising new approach for improving the speed and thus fluency of BCI-enhanced communication with the widely used P300-Speller.
Introduction
Brain-computer interfaces (BCIs) provide an alternative communication channel that does not depend on muscular control and thus, have been found to be particularly useful for patients diagnosed with amyotrophic lateral sclerosis (ALS) who experience a gradual loss of control over voluntary muscular movement due to motor neuron degeneration (Birbaumer et al 1999 , Kübler et al 2001a , Nijboer et al 2008 .
The ERP-based spelling device, often referred to as P300-Speller, is one of the most commonly used BCIs with healthy participants as well as patients (Farwell and Donchin (1988) , Nijboer et al (2008) ; for a review see Kleih et al (2011) ). About 250 to 400 ms after stimulus onset a marked positive potential deflection can be observed in the event-related potential (ERP, i.e. the P300, Sutton et al (1965) , Polich et al (1997) ; for a review see Picton (1992) and Polich (2007) ). In BCI paradigms its latency can be even as early as 200 ms (Sellers et al 2010 . P300 peak amplitudes can be recorded best at parietal and central electrodes (Picton 1992) . 1 Author to whom any correspondence should be addressed.
Strong P300s are reliably elicited in the oddball paradigm, in which participants are required to attend to rare (odd) target stimuli in a series of many irrelevant stimuli. In the most common version of the P300-Speller, the participant attends a target character in a matrix consisting of the letters of the alphabet and digits. Then the rows and columns of the matrix are flashed consecutively in random order (row column paradigm (RCP), see also Farwell and Donchin (1988) ). An increased P300 will follow flashing of the particular column and row where the attended character is located.
Although healthy participants produce highly accurate results with the P300-Speller (Guger et al 2009 , accuracy is still an issue in patients, because P300 amplitudes are typically lower than in healthy controls (Hanagasi et al 2002) .
For efficient communication maximizing the speed of character selection without increasing error rates is the primary goal. Many researchers have addressed this issue by improving (1) the quality of signal processing and the development of novel classification techniques (e.g. Krusienski et al (2006) , (2008), Blankertz et al (2011) ; for a review see Lotte et al (2007) ) and (2) procedural aspects of the oddball paradigm. Examples for the second approach are studies comparing how stimulus rate (McFarland et al 2011) , inter-stimulus interval (ISI) and matrix size (Sellers et al 2006a) , character size and inter-character distance (Salvaris and Sepulveda 2009) , background color (Salvaris and Sepulveda 2009) , chromatic differences in the flashing pattern (Takano et al 2009) and the flashing pattern itself (e.g. Townsend et al (2010) , Frye et al 2011 , Guger et al (2009 ), Jin et al (2010 ) affect the accuracy level.
Altogether these studies suggest several modifications to the paradigm that may help to increase classification rates, bit rates or user acceptance, or both of the P300-Speller. Optimizing the core feature of the P300-Speller, that is reliably eliciting an ERP by means of flashing items in a matrix, has almost never been scrutinized. To our knowledge, only one study has tried to improve spelling performance by changing the immediate properties of this stimulus (Martens et al 2009) . Instead of flashing characters, gray rectangles were flipped horizontally to elicit ERPs. This so called FLIP stimulus was less susceptible to refractory effects in ERPs. Thus, the bit rate may be slightly increased by decreasing the target-to-target intervals.
A more direct approach for improving classification accuracy is to optimize the immediate properties of the stimulus used for eliciting ERPs to increase the signal-to-noise ratio in the electro-encephalogram (EEG). This would allow for improved classification based on fewer ERPs, that is fewer stimulus repetitions (sequences). The latter would increase the bit rate and thus, enhance the fluency of communication. This goal may be accomplished by introducing a new stimulus type for flashing the characters which is known to elicit particularly strong ERPs. Ideal candidates for such a stimulus may be familiar faces. Numerous studies in the field of human face processing have revealed that the visual perception of familiar faces strongly involves several ERPs, specifically the N170, P300 and N400f. The N170 occurs between 130 and 200 ms post-stimulus and appears to be a face-specific ERP (Bentin et al 1996 , Eimer 2000 . It is assumed that the N170 is involved in rapid perception of faces but not in face recognition (Eimer 2000) . Familiar faces further elicit a face-specific N400, the N400f, between 300 and 500 ms post-stimulus, which is located on parietal and central electrode sites (Eimer 2000) . The recognition of familiar faces further involves a late positive component (P300/LPC, Henson et al (2003) ). Classification in an ERP-BCI is not necessarily limited to the P300 component and other ERPs may also contribute (e.g. Bianchi et al (2010) , Treder and Blankertz (2010) , Pineda (2003, 2006) ). Thus, presentation of familiar faces, which strongly involves different ERP components, may be exploited for improving classification. In particular using faces well known to everybody in a given culture should lead to strong and relatively stable effects across individuals.
Thus, we investigated whether familiar faces of famous individuals may serve as applicable stimuli for flashing items in the character matrix of the classic P300-Speller. We hypothesized that eliciting ERPs involved in face processing would lead to better classification rates as compared to simple letter highlighting, due to better signal determination within the response window.
Methods

Participants
Participants were N = 21 university students with no known neurological disorders and normal or corrected-to-normal vision. Due to noisy EEG, data from 1 participant were discarded.
The remaining sample comprised N = 20 participants (10 men; mean age 24.6 years, SD = 4.55, range 19-41). All were BCI novices and signed informed consent prior to the study. The experiment was conducted in accordance with standard ethical guidelines as defined by the Declaration of Helsinki (World Medical Association) and the European Council's Convention for the Protection of Human Rights and Dignity of the Human Being with regard to the Application of Biology and Medicine (Convention on Human Rights and Biomedicine).
Equipment and data acquisition
EEG was recorded from 12 passive Ag/AgCl electrodes, as shown in figure 1, with mastoid ground and reference. Electrooculogram (EOG) was acquired from 2 vertical (vEOG) and 2 horizontal (hEOG) passive Ag/AgCl sintered electrodes. All signals were amplified using a 16-channel g.USBamp amplifier (g.tec Medical Engineering GmbH, Austria) and recorded at a sampling rate of 512 Hz. Data were collected with the software tool BCI2000 (Schalk et al 2004) .
The spelling paradigm
The spelling paradigm was implemented as a multi-thread application in Python 2.5 and connected to BCI2000 via user datagram protocol. Spelling characters were presented in a 6 × 6 matrix and rows and columns of the matrix were flashed consecutively in random order (RCP). We compared the classic character flashing (CF) to a novel face flashing (FF) condition. To ensure equal timing of stimulus presentation, both conditions were implemented and controlled with the same hardware and software implementation. The CF condition defaulted to the traditional approach (i.e. as originally described by Farwell and Donchin (1988) ). In the FF condition, we overlaid rows and columns of the characters and digit matrix with well-known pictures of famous faces (Albert Einstein or Ernesto 'Che' Guevara). Pictures were semi-transparent to allow for uninterrupted focusing on the target letter while flashing the face stimuli. In addition to the goal of increasing the psychological salience of the stimulus, facial stimuli may differ from flashing characters also with regard to physical parameters such as brightness, contrast or chromatic differences. Chromatic differences, for example, were recently found to influence performance in the P300-BCI (Takano et al 2009) . Therefore, we also implemented a control condition using a random reorganization of all pixels of the FF pictures, resulting in meaningless images with the exact same brightness, contrast and chromatic properties as compared to the FF condition. Consequently, the remaining difference between this pixelated face flashing (PFF) condition and FF is the configuration and semantic properties of the picture that is a prominent face. In total this resulted in five conditions: one CF condition, two FF conditions (Einstein versus 'Che' Guevara) and two PFF conditions (pixelated Einstein versus pixelated 'Che' Guevara). Figure 2 shows examples of the CF, FF and PFF conditions.
Procedure
Participants were seated comfortably in a chair approximately 70 cm distant from a computer screen (size: 19 , resolution: 1280 × 1024 pixel, refresh rate: 60 Hz, size of presented matrix: 30 × 20 cm 2 ). After informed consent was signed, they were instructed to focus on the target character, avoid blinking during stimulus presentation and to count the number of stimulus flashes. A trial necessary to select a target (i.e. letter to spell) comprised 15 flashes of each row and each column (sequences). The speller software was set to default values for the ISI of 125 ms and a flash duration of 31.25 ms, resulting in 33.33 ms real flash duration and 133.33 ms ISI at 60 Hz screen refresh rate. All participants spelled the word 'BRAIN' in each of the five conditions. The order of condition was permuted across participants to control for potential habituation effects. This procedure was repeated once, resulting in 2 × 5 runs in total. No feedback on the correctness of spelling was provided to the participants during any of the runs.
To avoid novelty effects, prior to each run participants were familiarized for 15 s with the stimulus used for flashing characters, i.e. the face picture in an FF condition. After the run, they rated on a 10-point Likert-like scale from 0 (not familiar at all) to 10 (extremely familiar) how familiar the stimulus appeared to them. Scales were presented with EPrime R (Psychology Software Tools, USA).
Artifact rejection and data processing
EEG data were filtered with 0.1 Hz high and 30 Hz low pass. EEG was corrected for ocular artifacts with both hEOG and vEOG recordings using an algorithm introduced by Gratton et al (1983) . These preprocessing steps were performed in Brain Vision Analyzer R (Brain Products GmbH, Germany). Data were then exported to Matlab R (The MathWorks, USA) for all further data analysis including signal classification. ERP amplitudes were determined as the maximum (positive potentials) or minimum (negative potentials) voltage in a defined time window.
This study used short ISIs of 125 ms, which bears the risk of overlapping ERPs. Regarding BCI performance, however, it could be demonstrated that short (175 ms) ISIs yield better performance results as compared to longer (350 ms) ISIs (Sellers et al 2006a) . Furthermore, immediate consecutive flashing of the same target is rare due to the properties of the oddball paradigm. The reason for and advantage of short ISIs is rapid character selection which fosters the applicability of the P300-Speller. However, as we were not only interested in the effect of stimulus presentation on classification accuracy, but also on ERP amplitudes and latencies in different conditions, only target stimuli separated by more than two non-target stimuli were included for offline analysis of ERPs, resulting in a minimum time distance of 466 ms between two target stimuli. This correction was performed for ERP analysis only. The classification results comprise the full data set without this correction, thus reflecting the real P300-Speller condition. Classification of target versus non-target stimuli was performed using stepwise linear discriminant analysis (Krusienski et al 2006) .
Statistical analysis
Differences in the number of sequences needed for offline classification between the CF and FF conditions and differences in ERP amplitudes and determination coefficients between CF, FF and PFF conditions were statistically validated using repeated measures analysis of variance (ANOVA) (with 'condition' as within subject factor). Post-hoc comparisons were performed with Tukey-Kramer tests.
Results
All participants completed all scheduled runs. The familiarity of the face stimuli as rated on a 10-point Likert-like scale was high (M = 8.5, SD = 0.7 for Einstein (FF); M = 8.2, SD = 0.9 for Che Guevara (FF)). In contrast, the familiarity of the pixelated control was rated low (M = 2.4, SD = 2.3 for pixelated Einstein (PFF); M = 2.6, SD = 2.0 for pixelated Che Guevara (PFF)).
Classification results
In the offline analysis a classifier was trained for the CF and FF conditions. As expected classifier accuracy was increased when faces were used as flashing stimuli (FF) as compared to the classic approach (CF), see figure 3. In the FF conditions, on average fewer sequences (M = 2.9, SD = 1.8 (Einstein) and M = 3.0, SD = 1.7 (Che Guevara)) were necessary for achieving the goal of stable 100% classifier accuracy as compared to the classic flashing paradigm (M = 5.3, SD = 3.0). A repeated measures ANOVA (within factor condition: CF, FF Einstein, FF Che Guevara) confirmed high significance (F(2, 38) = 7.69, p < 0.002, η 2 partial = 0.29). Besides the 100% accuracy level (maximum accuracy) we assessed two further levels of accuracy, as comprehensibility of communication is not only possible with the maximum accuracy level. A level of 70% may be regarded as a minimum level of communication (Kübler et al 2001b, Kübler and Birbaumer 2008) , although communication accuracy not only depends on the amount of falsely spelled characters but also on the influence of the error on the word meaning. We therefore use the 70% as a reference for comparison to demonstrate the potential for improvement of communication with our novel approach. This 70% level was achieved with fewer stimulus sequences in the FF condition (F(2, 38) = 4.95, p < 0.012, η 2 partial = 0.20), for the majority of participants already after the first sequence. Secondly, the same but even more pronounced effect was found for a Classifier performance curves for all 15 stimulus intensification sequences. The three conditions ('classic "speller" (CF)', 'Einstein (FF)' and 'Che Guevara (FF)') are plotted for each participant. On the bottom right a grand average over participants is presented. As can be seen, for the majority of participants fewer sequences were necessary to achieve stable 70%, 90% and 100% accuracy levels in the FF conditions compared to CF. . Topographic plot of all 12 electrodes for the three conditions CF, FF and PFF as a grand average over participants. In this case the FF and PFF conditions for the face of Einstein are presented. In the FF condition an N400f was elicited between 300 and 400 ms on centro-parietal electrode sites that was not present in any other condition. high (>90%) accuracy level (F(2, 38) = 11.7, p < 0.0001, η 2 partial = 0.38).
Post-hoc Tukey-Kramer comparisons revealed no significant difference between the two FF conditions for any of the accuracy levels. The difference between the CF condition and any of the FF conditions was highly significant (Tukey-Kramer: p < 0.01) for the 90% and 100% accuracy levels and significant (Tukey-Kramer: p < 0.05) for the 70% accuracy level. In sum, the presentation of flashing faces transparently superimposed on characters in the spelling matrix significantly decreased the number of sequences required as compared to simple highlighting of the characters.
Effects on ERPs
We further examined which ERPs contribute to this improvement in classification accuracy. Figure 4 shows a topographic plot of the event-related brain potential at different electrode sites averaged across all participants. The CF condition elicited a clear P300 with the largest amplitude at Cz. The same held true for the FF conditions (Einstein face in the example presented in figure 4 ). P300 amplitudes were not significantly different between CF and any of the FF conditions, but significantly decreased for the pixelated control of Einstein (F(4, 76) = 9.34, p < 0.0001, η 2 partial = 0.32). Presentation of familiar faces elicited two negative deflections, one between 130 and 200 ms (further referred to as N170 time window) and one between 300 and 400 ms (further referred to as N400f time window) with the maximum peak amplitudes at Pz. For further analysis the maximum peak amplitudes within these time windows were computed at Pz for all five conditions.
In the N170 time window mean peak amplitudes for both FF and PFF conditions were increased as compared to the CF condition (F(4, 76) = 6.51, p < 0.0001, η 2 partial = 0.25). In line with our expectations, this difference was highly significant for the Einstein FF condition (Tukey-Kramer: p < 0.01) and not significant for the corresponding PFF condition. However, the Che Guevara FF condition failed to reach significance and furthermore the corresponding PFF condition was highly significantly increased (Tukey-Kramer: p < 0.01).
For the N400f time window both FF conditions yielded highly significantly increased potentials as compared to CF and to both PFF conditions (F(4, 76) = 24.17, p < 0.0001, η Here, the FF and PFF conditions for the face of Einstein are presented. As can be seen for FF and CF conditions the maximum determination was reached in the P300 time window. However, for the FF condition the N400f (i.e. Cz, 300-400 ms) further contributes significantly to determination.
(Tukey-Kramer: p < 0.0001).
We further assessed this difference by comparing the maximum determination coefficients for the different conditions. Both FF conditions yielded significantly increased (highly significant in the case of Einstein, Tukey-Kramer: p < 0.01) maximum determination coefficients as compared to CF and PFF conditions (F(4, 76) = 4.1, p < 0.01, η 2 partial = 0.18). As can be seen from figure 5 the maximum determination was found between 200 and 300 ms (the P300) for both FF and the CF condition as well. However the FF conditions (Einstein in figure 5 ) further yielded significantly increased determination in the N400f time window and a slightly increased determination in the N170 time window.
Taken together, ERP amplitudes and classification accuracy were significantly increased when famous faces were used for flashing as compared to the classic CF.
Discussion
In this study we compared famous faces (popular photographic representations of Albert Einstein and Che Guevara) superimposed transparently on the character matrix of the P300-Speller interface (FF) to the classic approach of simply flashing the characters (CF). In addition, we compared ERPs elicited in the FF condition to those elicited by stimuli with equal physical properties but no semantic or configuration information (PFF).
With such optimized stimulus presentation for eliciting ERPs, this study demonstrated increased speed of character selection in the widely used P300-Speller. In particular, the findings suggest that psychological salience of a stimulus can be exploited to elicit particularly strong ERPs not restricted to the P300. Consequently, 100% offline classification accuracy was achieved with significantly fewer sequences. Presentation of famous faces, rated as very familiar, produced (1) more ERPs that contributed to classification and (2) ERPs of larger amplitude which also contributed to better classification between attended versus unattended characters of the spelling matrix.
The significance of this approach becomes apparent when considering that the fluidity of communication by 'typing' clearly depends on the bit rate of character selection (number of correctly selected characters per time unit). Thus, achieving high bit rates is one of the main goals in BCI-based communication. The bit rate depends on both accuracy and speed of character selection. Speed is basically increased by decreasing ISIs (Sellers et al 2006a (Sellers et al , 2006b ) and decreasing the number of stimulus sequences used for averaging (Donchin et al 2000 . Sellers et al (2006a) achieved better classification accuracy and bit rate with small ISIs. Unfortunately, decreasing ISIs leads to decreased target-to-target intervals, which resulted in smaller P300 amplitudes and larger latencies (Gonsalvez and Polich 2002) . As described in the introduction, Martens et al (2009) suggested an attempt to solve this problem. However, this approach is limited by the fact that to capture a certain ERP, a minimum number of data needs to be acquired and refractory periods cannot be completely eliminated. Thus, reducing the duration of single trials is inherently limited. Therefore, to further increase the speed of character selection one has to focus on reducing the number of stimulus sequences used for averaging. Unfortunately, this reduction inevitably decreases the signal-to-noise ratio and thus typically entails a drop in performance. As demonstrated in this study, using stimulus types that elicit particularly pronounced ERP responses serves well as a countermeasure to this issue, leading to an improved signal-to-noise ratio when reducing the number of sequences to average.
Our findings indicate that famous faces could reduce the overall time needed to spell a character on average by a factor of 1.8. Furthermore, at least twice as many of the participants (i.e. two-thirds of all participants) achieved a performance level of 70% already after the first stimulus sequence when using any of the FF paradigms as compared to the CF paradigm. This level has been described as the minimum level for communication (Kübler et al 2001b) and illustrates the potential of our new approach. Thus, in the majority of participants the FF paradigm would even allow for increasing the bit rate to maximum, that is flashing rows and columns only once.
For systematic further improvement of the conceptual idea behind the FF condition (i.e. exploiting semantic or psychological salience of stimuli to improve the ERP signalto-noise ratio), it is important to better understand the reasons for a superior classification performance with well-known faces. Figures 4 and 5 indicate the main difference between all conditions in a time window of 300 to 400 ms at frontal, central and parietal electrodes with significantly higher amplitudes in the FF condition. This represents a face-specific N400f (Eimer 2000) . The fact that the amplitudes in the PFF condition remain low supports this notion. Furthermore, there is an increased negative component between 150 and 200 ms in the FF condition. This component may well represent the expected N170. However, the PFF condition also showed increased negativity, which impedes a clear conclusion about this ERP component. Nevertheless, as this component does not appear as strong in the CF condition it constitutes a further signal difference that might allow for improved classification. Finally, the FF condition elicited a P300 at least of the same amplitude as the typical P300 classified in the classic CF paradigm (higher amplitude for Einstein). This effect is further underlined by a trend of higher determination coefficients in the P300 time window in the FF as compared to the CF condition (see figure 5) . The fact that PFF conditions show decreased P300 amplitudes may be interpreted as an effect of smaller stimulus complexity and missing stimulus value, which has been shown to also influence P300 amplitudes (Johnson 1984 (Johnson , 1993 .
Limitations and future experimentation
To further establish the significance of our findings, online application and studies with the target patient groups (e.g. those with ALS or other diseases leading to severe motor impairment) are mandatory. Since it has been shown that in a face recognition test ALS patients did perform equally well as age matched healthy controls (Abrahams et al 1996) we speculate that our results may well transfer to these patients. Although faces are typically recognized even when heavily degraded, a failure to focus eye-gaze may reduce effects in patients (e.g. Brunner et al (2010) , Treder and Blankertz (2010) ). Furthermore, covert attention to faces should be considered particularly when using the BCI in patient communication. Treder and Blankertz (2010) have suggested resolving issues of covert attention with a specialized character arrangement that clearly outperformed the classic matrix presentation in a covert attention condition. This approach could easily be adapted to our FF paradigm.
The generalizability of our results may be limited because the spelled words were rather short and did not comprise a representative set of characters from the complete alphabet. However, the stability of improvements across individual participants is promising with regard to generalization of effects to other samples.
Furthermore, as ERP latencies vary between participants, overlaps between them might occur. Hence, the N400f may partially cancel out the P300. The early peaking of the P300 in our data as well as reported in other BCI studies in general renders strong interaction relatively unlikely. Moreover, our findings indicate that the N400f contributed in combination with the P300 to classification accuracy in the FF conditions. Therefore, eliciting a N400f proved useful even if it would have cancelled out some P300 activity.
While there is ample evidence that the general P300-BCI paradigm is applicable for a wide range of individuals including patients, it is less clear whether all individuals will show reliably increased ERPs, in particular the N400f, in response to well-known faces. For example, our results indicate minor differences between the two FF conditions tested in this experiment. This may be attributable to physical properties of the stimuli. Thus a broader variety of face stimuli should be validated in terms of (1) familiarity, (2) brightness, (3) contrast and (4) chromatic differences. However, stimulus content may also influence the ERPs that are the semantic or psychological properties of the stimuli. Thus, stimuli varying in terms of individual relevance with regard to psychological (e.g. valence, arousal) or semantic properties (e.g. individual attraction) should be examined. For example, a recent study demonstrated that celebrities elicit a stronger N400f than unknown faces, but the strongest ERPs were elicited by pictures of family members (Touryan et al 2011) . This could not only serve the goal of further improving classification but might as well increase patient acceptance of the BCI because it can be performed with personally meaningful and liked pictures. Importantly, implementing personally meaningful stimuli in the P300-BCI is straightforward and feasible, and could thus be provided for all BCI users, allowing an individual to achieve high classification at the maximum bit rate.
Conclusion
This study demonstrated that superimposing characters of the P300-Speller with famous faces significantly increases the bit rate. The results from N = 20 participants indicated a highly significant improvement of classification rates, primarily based on ERP components that are typically elevated when familiar faces are processed, in particular the N400f. This may have a clinically significant impact by increasing communication speed and accuracy with the P300-Speller in patients with severe motor impairment.
